We discuss hole-induced magnetic solitons and metal-insulator transition of transport properties in diluted magnetic semiconductors Ga 1−x Mn x As from the standpoint of a field theoretical formulation, and analyze experimental data of transport properties, using the supersymmetry sigma formula and the effective Lagrangian of diffusion model.
Introduction
Diluted magnetic semiconductors (DMSs), which are formed by substitution of several percent of cation sites in a host semiconductor with magnetic impurities, are actively investigated both theoretically and experimentally, due to their potential applications in new generations of semiconductor spintronic devices [1] .
Because the carriers in DMSs are considered to mediate the magnetic interaction between the magnetic ions [2] , these materials are very important for semiconductor-based spintronic devices to control the spin degree of freedom of the carriers. Due to the mediation mechanism, the ferromagnetism in DMSs is called carrier-induced ferromagnetism. Prototypical DMS systems such as Ga 1−x Mn x As and In 1−x Mn x As show severely limited chemical solubility due to the substitution of divalent Mn atoms for the trivalent Ga or In sites. In order to prevent phase separation, these materials should be grown at low temperature (T from 200˚C to 300˚C), which results in an abundance of different types of crystal defects. As a result, a theoretical study of DMSs is very difficult owing to two factors (strong disorder and exchange interaction), which must be taken into account nonperturbatively.
Understanding the mechanism behind the carrier-induced ferromagnetism is of significance for further development of semiconductor spintronic devices.
Several theoretical models for carrier-induced ferromagnetism in (Ga, Mn)As have been proposed [1] - [6] . In addition, interesting phenomena such as the photo-induced magnetic polaron in DMSs have been reported [7] [8] [9] [10] .
These studies stimulate us to investigate the hole-induced magnetic solitons. It has been required to consider the behavior of the hedgehog-like magnetic soliton and the domain wall from a viewpoint of quantum theory. Kanazawa [11] has discussed the hole-induced magnetic solitons in DMSs from the standpoint of a field-theoretical formulation. Metal-insulator transition (MIT) and large magnetoresistance (MR) effects in DMSs (Ga, Mn)As have been reported [12] [ In this study, the anomalous transport properties in DMSs are discussed using a field-theoretical formulation. Then we analyze some conductivity data in DMSs (Ga, Mn)As, using the gauge-invariant effective Lagrangian density and quantized magnetic solitons.
A model System and Hole-Induced Magnetic Solitons
According to the aggregation of hole-induced magnetic solitons, the non-monotonic temperature dependence of the transport properties of (Ga, Mn)As is qualitatively explained as being due to the hole localization around the Mn ions. It has been suggested that the ferromagnetic ordering might be due to a double-exchange-like interaction and the remarkable change of spin exchange in- has been proposed that the hedgehog-like soliton in a three-dimensional system is specified by rigid-body rotation, which is related to gauge fields of SO (4) 
Here the first sum 
around the hole at the site i r  . J is defined in Equation (2). K, which is introduced in Ref. [18] , is the effective long-range interaction constant. The first term shows short-range ferromagnetic ordering interaction and the second one shows long-range frustration. 
is the short-range attractive potential, which is derived from massive gauge fields [18] . We discuss the transport properties of DMSs for connected clusters, where the radius is ( ) ( ) and ν is the density of states of the carriers at the Fermi surface. In the case of the low frequency limit of ω , the localization length loc L is shown as follows,
We shall consider the variable range hopping conductivity and the system
where d is the dimensionality of the system. Figure 1 shows the temperature dependence of the conductivity σ for as-grown and annealed samples (experimented data) [15] and the fitting lines The experimental data are fitted well with Equations (6) and (7), as shown with solid lines in Figure 1 . Comparing the experimental data (annealing at 310˚C) with those (as grown), it is thought that the value of loc L (after annaealing at 310˚C) is much larger than of those (as grown), as seen from Equation (7).
Conclusion
The hole-induced magnetic solitons and metal-insulating transition of transport properties in DMSs have been discussed based on a field theoretical formulation.
We have analyzed experimental data on the transport properties of GaMnAs by using the effective Lagrangian of diffusion model.
